Abstract. Measurements of body temperature in the field demonstrate that Cicada orni Linnaeus regulates body temperature through behavioral mechanisms. Behavior is used to regulate body temperature to a range necessary for calling. As predicted, results showed a general decrease of echeme duration and an increase in inter-echeme interval with rising body temperature. However, no statistically significant correlations of body temperature for any of the variables studied were found, giving evidence that there is more variability in call parameters between individuals than any effect of body temperature.
INTRODUCTION
Cicada orni Linnaeus, 1758 (Hemiptera: Cicadidae) is one of the most abundant and common cicadas throughout the Mediterranean area. Like other cicadas, males of C. orni produce loud airborne acoustic sounds by means of an elaborated timbal mechanism (Claridge, 1985; Bennet-Clark, 1998) . The calling song is the most common type of acoustic signal and it is involved in mate attraction, having an important role in pair formation and in species recognition (Claridge, 1985; Villet, 1992) .
Acoustic activity is dependent on intrinsic and environmental factors. The daily fluctuation in ambient air temperature (Ta) is one of the factors that may contribute to the regulation of song production in cicadas (Sanborn, 1997 (Sanborn, , 2002 .
The study of temperature influences on acoustic insects has a long history (see review in Sanborn, 2005) . Temperature influences biological reactions at the chemical level so the ability of an animal to coordinate acoustic activity is dependent on temperature. Cicadas are relatively large in comparison to most acoustic insects and can thermoregulate in an effort to minimize any influence of temperature on their mating signal (Sanborn, 2002) . However, there are multiple studies that show temperature may or may not influence the acoustic signals of cicadas, depending on species.
The investigation of Ta affect on the temporal parameters of cicada songs has led to contradictory results. Popov et al. (1997) , Quartau et al. (2000) , and Fonseca & Revez (2002) have shown Ta influences at least some temporal parameters of cicada songs while Popov (1975) , Gogala et al. (1996) , and Villet et al. (2003) show no relationship of cicada call parameters to Ta. Similar contradictory results have been shown with call intensity of cicada calls (Sanborn, 1997; Sueur & Sanborn, 2003) Cicadas generally thermoregulate (Sanborn, 2002) so their body temperature (Tb) can be significantly different from Ta. Therefore, Tb must be measured to determine if temperature is influencing call activity or parameters. We measured Tb to determine if C. orni is thermoregulating and to determine if Tb influences the call parameters of C. orni.
MATERIAL AND METHODS
A population of C. orni was sampled during 1 and 3 July 2010 in an olive (Olea europaea L.) grove 300 m E of Beaumes-de-Venise (44°7.273´N, 5°2.516´E), Vaucluse, Provence, France, with a single additional specimen captured in a vineyard (Vitis vinifera L.) in Vaison-la-Romaine (44°15.315´N, 5°4.380´E) on 2 July 2010. Tb was measured with a Physitemp BAT-12 digital thermocouple thermometer and a type MT-29/1 copper-constantan 29 gauge hypodermic microprobe accurate to ± 0.1°C which had been calibrated with a National Institute of Standards and Technology mercury thermometer. The probe was inserted midway into the dorsal mesothorax to record deep Tb. An insect net was constricted around a captured animal to reduce movement prior to inserting the probe. This procedure minimizes any heat transfer between the experimentor and the specimen. All measurements were recorded within 5 s of the animal being captured. Perch temperature (Tp) was measured immediately after recording Tb by placing the thermocouple tip above the perch where the animal was captured at the approximate height of the middle of the thorax (5 mm). Ta was measured at a height of about 1 m in the shade after Tp was recorded. Records of the orientation to the sun and the position of the animal were made as the animal was captured.
The calling song of 11 males was recorded using a Sony Dat recorder (TCD-D10 ProII at a sampling frequency of 44.1 kHz, frequency response range of 20~22,000 Hz, as in previous studies) which was connected to a dynamic Sony F-780 microphone (with frequency responses of 50~18,000 HZ). The microphone was placed medially and dorsally to the insect at a constant distance of approximately 30 cm. After placing the microphone, recording commenced only when the normal calling pattern was re-established by the insect. Sound recordings were analyzed in the lab at the time and frequency domains using the software Avisoft-SASLab Pro (Specht, 2002) .
In the frequency domain, spectra were computed using Fast Fourier transformation with a resolution of 512 points and a Hamming Window. For each specimen, whenever possible, one subsample of 30 s was chosen at random from each recording and several parameters were measured (Table 1 ). In the temporal domain, the duration of the echemes, the duration of the interval between them (inter-echeme interval), number of echemes per second and ratio echeme/interval were measured. Peak frequency was also obtained from the mean spectrum of each echeme. Variables were averaged and the mean was taken as the value of the parameter for each specimen. Due to chorusing cicadas in some samples, variables like the number of pulses per unit of time were discarded.
Statistical analyses were performed using InStat 3.0a for the Macintosh (GraphPad Software, San Diego, CA) and STATIS-TICA 9.0 software (StatSoft, 2009). Statistical significance is considered to be 0.05 for all tests. Statistics are reported as mean ± standard deviation. (May, 1985) . Thus the regressions suggest that C. orni is thermoregulating but the correlation coefficients and scatter of the data around the regression lines suggest C. orni is not very precise in the regulation of its Tb. The positive slopes show that Tb increases more slowly than increases in Ta Cicada orni uses behavioral mechanisms to regulate Tb. Early in the activity period and at low Ta, C. orni are found in sunlit perches. As Ta increases, the cicadas move to more shaded locations. At highest Ta or Tb, C. orni is found in the deep shade on the underside of the main branches and on the trunks of trees. Calling behavior becomes inhibited as Ta falls and C. orni appears to be strictly ectothermic.
RESULTS

Regression analysis of Tb as a function of Ta (
The temporal characteristics of the calling songs of the studied individuals are presented in istics of the signal showed a peak frequency of 4.84 ± 0.24 kHz (range 4.41-5.31 kHz).
As predicted, results showed a general decrease of echeme duration and an inter-echeme interval increase with rising Tb. However, the Spearman's correlation coefficients used to test the correlation between temperatures and acoustic parameters showed no statistically significant correlations at p < 0.05 for any of the variables studied (Table 2) .
DISCUSSION AND CONCLUSIONS
The statistical difference between mean Tb and mean Ta and mean Tp and the regression analysis suggest that C. orni actively thermoregulates. Similar relationships between Tb and Ta have been found in both ectothermic and endothermic cicadas from North America, South America and Africa (Sanborn, 2000 (Sanborn, , 2004 Sanborn & Maté, 2000; Sanborn et al., , 1995b Sanborn et al., , 2002b Sanborn et al., , 2003 Sanborn et al., , 2004 Villet et al., 2003) . However, unlike the relationship seen in Diceroprocta olympusa (Walker, 1850) (Sanborn & Maté, 2000) , the thermoregulatory behavior of C. orni more closely resembles what was observed in the desert cicada Okanagodes gracilis Davis, 1919 in that Tp is not a better predictor of Tb than Ta.
Sufficient solar radiation to elevate Tb to a range necessary for activity is required to maintain activity in ectothermic cicadas (Heath, 1967; Sanborn & Phillips, 1992; Sanborn & Maté, 2000; Sanborn et al., 2002a, b) . Cicada orni exhibits a classic pattern of behavioral thermoregulation by changing body orientation and perch position to alter the amount of radiant heat uptake from the sun in an effort to regulate Tb. The importance of solar radiation in Tb regulation is illustrated by the minimum Ta required for activity (Cloudsley-Thompson & Sankey, 1957; Cloudsley-Thompson, 1960; Quartau et al., 2000) and the inhibition of calling activity with strong winds (which would increase convective heat loss and decrease the differences between Tb and Ta) (Quartau et al., 2000) . Inhibition of calling activity by low Ta has been reported for multiple cicada species (see references in Sanborn, 1998).
Calling activity requires the coordination of nervous and muscle activity and can be coordinated over a defined range of Ta. The range of Tb (7.5 o C) for calling activity in C. orni is within the range reported for both ectothermic and endothermic species (Table 3 ). The mean Tb of calling C. orni is significantly less than (one-tailed t = 2.655, d.f. = 79, p = 0.0048 but due to unequal standard deviations, Mann-Whitney U-statistic = 362.00, U' = 678.00, p = 0.0308) the upper thermoregulatory point determined for the species (Sanborn et al., 2011) further suggesting the animals are regulating their Tb below a level where thermoregulation would take precedence over calling activity.
The positive slope of the regression line may explain the relationship of temporal parameters of C. orni to Ta Reference Body temperature range for calling (°C) Species TABLE 3. Body temperature range for calling measured in cicada species. Endothermic species are marked with an asterisk (*). Platypedia putnami lutea is a crepitating cicada rather than a timballing species.
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observed by Quartau et al. (2000) . The slope of the regressions of C. orni are greater than any other analysis performed in cicadas (Sanborn, 2000 (Sanborn, , 2004 Sanborn & Maté, 2000; Sanborn et al., , 1995b Sanborn et al., , 2002b Sanborn et al., , 2003 Sanborn et al., , 2004 Villet et al., 2003) with the exception of one subset of data in an endothermic species which included partially as well as fully active animals (Sanborn, 2000) . As Ta increases, there is an increase in the Tb range of active animals in the field. It has been suggested that C. orni increase the inter-echeme interval thereby decreasing heat production from the sound producing system as Ta increases as a means to maintain calling activity at higher Ta [and Tb (Fig. 1)] . We have now shown that the Tb of calling C. orni at elevated Ta is greater than at lower Ta making overheating as a result of heat production by the sound system more probable. Elevated Ta has been shown to inhibit calling activity in other cicada species as well (Heath & Wilkin, 1970) .
Detailed acoustic analyses of the time and frequency domains revealed some variations in the calling song among specimens of C. orni and conform to previously known data. Values obtained in the present study for time and frequency variables of C. orni song are within the range of variation obtained by Boulard (1995 Boulard ( , 2000 in Provence (France), and also fall within the observed range of the French populations studied by Pinto-Juma et al. (2005) .
Since the production of the calling song is involved in mate attraction, having an important role in pair formation and in species recognition, we also analyzed the possible influence and effect of Tb on the calling parameters. Call frequency seems to be independent from Tb, an expected result considering that frequency is dependent on the structure and physics of the sound producing organ (e.g., Pringle, 1954; Bennet-Clark & Young, 1992) . These results have also been observed in other cicada species (e.g., Marshall & Cooley, 2000; Villet et al., 2003) .
Concerning the temporal parameters, the present study showed no statistically significant correlations of Tb for any of the variables studied. Previous studies have shown that there are species for which these parameters are dependent on temperature, but other species where the opposite seems to occur. Temporal parameters have been shown to be dependent on Tb in the endothermic Tibicen winnemanna (Davis, 1912) (Sanborn, 1997 (Sanborn, , 2001 ). In contrast, there was more variability within the population than any influence of Tb on call parameters in the ectothermic D. olympusa (Sanborn & Maté, 2000) . This appears to be the case for C. orni as well.
Previous results showed echeme duration was the most consistent acoustic variable along the geographical distribution of C. orni, while the inter-echeme duration is quite variable within the species (Pinto-Juma et al., 2005) . Moreover, data seem to imply that species recognition, at least by males, is dependent on individuals hearing a minimum echeme duration and inter-echeme interval and these values are near the lower limit of natural variation of the species (Simões & Quartau, 2006) . Echeme and inter-echeme durations may be the most central properties of the acoustic signal, while temperature induced variation in these acoustic parameters may be irrelevant to mate choice, particularly if females have directional preferences for signal traits. Indeed, these acoustic variables may have different roles in sexual selection and specific mate recognition such as in the case of the cicada Cystosoma saundersii (Westwood, 1842) (Doolan, 1981) , where female discriminating ability and preference for males have a central role in sexual selection.
It remains an open question as to whether there are different rules for conspecific call recognition and for assessing the attractiveness of a recognized call in C. orni and how these processes interact to mediate the behavioral expression of mate choice. However, female preferences may constitute an important motor of acoustic signal divergence in C. orni, as seen in Greek populations that proved to have longer inter-echeme intervals (PintoJuma et al., 2005) .
In fact, the reported longer intervals produced with higher temperatures, besides being an adaptation to allow calling activity at high Ta avoiding a lethal increase in Tb, may also represent a strategy of spending less energy and call for longer periods, maximizing the chances of mating.
Summing up, the present work gives evidence that C. orni is an ectothermic cicada, thermoregulating by means of behavioral mechanisms. Tb is regulated to a range necessary to enable song production and without any significant influence on calling traits. However, the influence of temperature on acoustic signals is something that needs to be considered by anyone performing acoustic analyses. Measurements of Tb should be obtained whenever possible. Measurements of Ta may not represent the temperature influencing the call parameters unless it is known that the animal is a thermoconforming species and the measurement of Ta is a true representation of the microenvironment that a species is using as a calling site.
